ARIP4 [AR (androgen receptor)-interacting protein 4] is a member of the SNF2-like family of proteins. Its sequence similarity to known proteins is restricted to the centrally located SNF2 ATPase domain. ARIP4 is an active ATPase, and dsDNA (doublestranded DNA) and ssDNA (single-stranded DNA) enhance its catalytic activity. We show in the present study that ARIP4 interacts with AR and binds to DNA and mononucleosomes. The Nterminal region of ARIP4 mediates interaction with AR. Kinetic parameters of the ARIP4 ATPase are similar to those of BRG-1 and SNF2h, two members of the SNF2-like protein family, but the specific activity of ARIP4 protein purified to > 90 % homogeneity is approximately ten times lower, being 120 molecules of ATP hydrolysed by an ARIP4 molecule per min in contrast with approx. 1000 ATP molecules hydrolysed per min by ATPdependent chromatin remodellers. Unlike other members of the SNF2 family, ARIP4 does not appear to form large protein complexes in vivo or remodel mononucleosomes in vitro. ARIP4 is covalently modified by sumoylation, and mutation of six potential SUMO (small ubiquitin-related modifier) attachment sites abolished the ability of ARIP4 to bind DNA, hydrolyse ATP and activate AR function. We conclude that, similar to its closest homologues in the SNF2-like protein family, ATRX (α-thalassemia, mental retardation, X-linked) and Rad54, ARIP4 does not seem to be a classical chromatin remodelling protein.
INTRODUCTION

ARIP4 [AR (androgen receptor)-interacting protein 4] was initi-
ally found through its interaction with the zinc finger region of the AR [1] . ARIP4 is an active DNA-dependent ATPase. Its ATPase domain is located in the central region of the protein, and it has high sequence similarity to ATPase domains of the SNF2-like proteins.
On the basis of their sequence similarity, the proteins of the SNF2 family can be divided into two major groups [2] . The first group includes active ATPases, such as BRG-1, hBRM and SNF2h, that utilize the energy from ATP hydrolysis to loosen contacts between DNA and histone octamers. As a result, DNA sequences become more accessible for transcriptional factors and/ or histone-modifying enzymes [3] . In many instances, these proteins serve as the ATPase component of high-molecular-mass (∼ 2 MDa) protein complexes, such as yeast RSC (remodelling the structure of chromatin), and human and Drosophila SWI/SNF complexes. These complexes are known to act as co-activators or co-repressors for different transcription factors, including nuclear receptors [4, 5] . Biochemical properties of the SNF2 family ATPases have been intensively studied, revealing functional differences between different ATP-dependent chromatin remodellers. Parameters of ATPase reaction, including values for K m and catalytic activity, have been estimated [6] [7] [8] . Chromatin remodellers differ also in their mononucleosome remodelling activity [9] . On the basis of in vitro assays, a general chromatin remodelling mechanism in which ATP-dependent chromatin remodellers act as anchored DNA translocases has been proposed [10] .
The second group of proteins of the SNF2 family includes proteins, such as ATRX (α-thalassemia, mental retardation, Xlinked), Rad26 and Rad54, that are less active in chromatin remodelling; rather, they are involved in DNA excision repair and homologous recombination. ARIP4 appears to belong to this latter group, with the ATRX protein exhibiting the highest sequence similarity to ARIP4 in the ATPase domain [2] . ATRX protein mutations cause X-linked mental retardation with α-thalassemia [11] . Through interaction with the apoptosis-related protein Daxx, the ATRX protein is involved in apoptosis regulation [12, 13] . Recent studies have also suggested that ATRX is involved in mammalian sex differentiation [14] .
We have previously shown that ARIP4 interacts with AR in yeast and mammalian two-hybrid assays and demonstrated that ARIP4 acts as an AR co-regulator in reporter gene assays. Wildtype ARIP4 stimulated AR activity on minimal promoters, whereas ATPase-deficient mutants behaved as trans-dominantnegative regulators of AR function [1] . Co-regulators can modulate AR activity by multiple mechanisms, including facilitated DNA binding, chromatin remodelling and recruitment of general transcription factors associated with RNA polymerase II complex to androgen-responsive promoters [15] [16] [17] [18] [19] .
In the present study, we have characterized the biochemical properties of ARIP4 as a DNA-stimulated ATPase. We find that the kinetic parameters of the ARIP4 ATPase are similar to those of BRG-1 and SNF2h, whereas the catalytic activity of ARIP4 is ten times lower than that of the other two ATPases. In contrast with yeast RSC complex, ARIP4 is not active in REA (restriction enzyme accessibility) assay. We also show that the N-terminal region of ARIP4 mediates its interaction with AR and this interaction does not depend on DNA binding. Mutation of ARIP4 sumoylation sites renders the protein incapable of binding to DNA, catalysing ATP hydrolysis and activating AR function.
Our results demonstrate that ARIP4 is not a classical chromatin remodelling protein, suggesting that it could be involved in homologous recombination and DNA repair.
MATERIALS AND METHODS
Materials
Mouse monoclonal anti-FLAG antibody M2 was purchased from Sigma and mouse monoclonal anti-GMP-1 was from Zymed Laboratories. Rabbit polyclonal anti-AR antibody K333 and anti-ARIP4 antibody K7991 have been described in [1, 20] . Expression vectors pSG5hAR, pARE 4 -tk-LUC, pFLAG-ARIP4wt, pFLAG-ARIP4(1-1314) and pFLAG-ARIP4-K310A have been described previously [1] . pTPT plasmid was kindly provided by Dr Geeta Narlikar (University of California, San Francisco, CA, U.S.A.) and pSG5-His-SUMO-1 (where SUMO-1 is small ubiquitinrelated modifier-1, also known as GMP-1) was a gift from Dr Anne Dejean (Institut Pasteur, Paris, France). Yeast chromatin remodelling complex RSC was a gift from Dr Tom Owen-Hughes (The Wellcome Trust Biocentre, University of Dundee, Scotland, U.K.).
Plasmid constructions
To generate pFLAG-ARIP4(1-276), pFLAG-ARIP4wt was digested with BamHI and re-ligated. To assemble pFLAG-ARIP4-(1-620), pFLAG-ARIP4wt was digested with BglII/XbaI, treated with DNA polymerase I Klenow fragment (Promega) and religated. Expression vector pFLAG-ARIP4(1-889) was assembled in two steps. First, a fragment of ARIP4 cDNA was PCR-amplified with the primers 5 -GGAATTCTTATGATAACCTAGTGGAGT-CCTTAGA-3 and 5 -CCATCGATTCAATCCACTACCCGATCT-3 , digested with EcoRI/ClaI and inserted into the pFLAG-CMV2 (Sigma-Aldrich) vector digested with the same enzymes to assemble pFLAG-ARIP4(282-889). Secondly, the fragment of ARIP4 cDNA corresponding to residues 1-776 was cut out from pFLAG-ARIP4wt with HindIII/Bsp119I and cloned into the pFLAG-ARIP4(282-889) vector digested with the same enzymes. To assemble pFLAG-ARIP4(1-278/890-1309) and pFLAG-ARIP4(1-278/890-1206), a fragment of ARIP4 cDNA was amplified by PCR with the primers 5 -GAAGATCTTCGAT-CTAAATCCAATGCTGAACT-3 and 5 -CGGATATCAAGTG-AAGGGGGTGGTGAG-3 , digested with BglII/EcoRV or with BglII/SmaI and inserted into pFLAG-ARIP4wt digested with BamHI/SmaI. Consensus-like sumoylation sites were selected using SUMOplot analysis tool (http://www.abgent.com/doc/ sumoplot). ARIP4 mutations for sumoylation analysis [K573R, K664R, K935R, K1013R, KK361/961RR, KK573/664RR, KKKK361/573/664/961RRRR (4K → 4R), KKKKK361/573/ 664/961/1013RRRRR (5K → 5R) and KKKKKK361/573/664/ 935/961/1013RRRRRR (6K6R)] were introduced into pFLAGARIP4wt using a site-directed mutagenesis kit (Stratagene) according to the manufacturer's instructions.
Transfections and production of recombinant proteins
Transfections for transactivation assays were performed as described in [1] . For protein production, COS-1 cells (3.5 × 10 5 ) were transfected with 1.0 or 1.5 µg of an appropriate expression vector DNA using FuGene reagent (Roche). Cells were lysed 48 h after transfection in a buffer containing 20 mM Tris/HCl (pH 7.8), 150 mM NaCl, 1 mM EDTA, 0.5 % Nonidet P40, 0.5 % Triton X-100, 1 mM dithiothreitol, 10 % (v/v) glycerol and a protease inhibitor cocktail (Sigma-Aldrich). The lysates were clarified by centrifugation at 4
• C for 20 min at 16 000 g and supernatants were adsorbed on 30 µl of anti-FLAG affinity matrix (Sigma-Aldrich) for 2 h at 4 • C. The matrix was subsequently washed with 3 ml of the above lysis buffer containing 500 mM NaCl. Bound proteins were eluted with 30 µl of lysis buffer containing 0.2 mg/ml FLAG peptide and used for EMSA (electrophoretic mobility-shift assay) and ATPase assays. Wild-type ARIP4 and the ATPase-deficient mutant ARIP4-K310A were produced in insect cells by the use of baculovirus vectors and purified, essentially as described previously [1] .
ATPase activity assay
Fluorimetric ATPase assays were carried out as described in [21, 22] • C for 15 min. NADH fluorescence was measured on a Varian Cary Eclipse fluorimeter (Varian) at 37
• C. The system was first calibrated by the addition of 200 pmol of ADP, then indicated amounts of ARIP4 protein were added and the course of the reaction was followed in real time.
ATPase activity of ARIP4 (200 ng), RSC (50 ng) and sumoylation mutants was assayed in a buffer containing 50 mM Tris/HCl (pH 7.5), 3 mM MgCl 2 , 50 mM NaCl, 3 % glycerol (8 % glycerol for sumoylation mutants), 1 mM ATP, 0.5 µCi of [γ -
32 P]ATP and 32 nM pFLAG-CMV2 plasmid. Samples (1 µl) of the reaction mixture were taken at different time points during the incubation at 30
• C. Reaction was stopped by the addition of 2 µl of 50 mM EDTA. Samples (1 µl) were spotted on to a poly(ethyleneimine) thin-layer plate that was developed in 1 M LiCl/1 M formic acid to resolve [ 32 P]P i from [γ -32 P]ATP. The plates were subjected to autoradiography. The amount of released [ 32 P]P i was quantified by measuring the radioactivity of the spots using a Wallac 1409 liquid-scintillation counter (Wallac Oy, Finland) or scanning autoradiograms using Kodak Image station 440CF (Kodak).
Immunoprecipitation
Co-immunoprecipitation experiments were carried out as described previously [1] , except that for the sumoylation assay, COS-1 cells were transfected with 0.7 µg of pFLAG-ARIP4wt or point mutants and 1.5 µg of pSG5-His-SUMO-1. Immunoblotting was performed as described in [23] by using mouse monoclonal anti-FLAG M2 (1:2000 dilution) or rabbit polyclonal anti-AR (K333; 1:4000) antibody.
Histone octamer purification, mononucleosome reconstitution and REA assay
Chicken blood was collected, and erythrocyte nuclei were isolated as described in [24] . Core histone octamers were purified as described in [25, 26] . Briefly, nuclei (∼ 6 mg of DNA) were lysed for 30 min at 4
• C in 10 ml of lysis buffer containing 0.7 M NaCl, 50 mM sodium phosphate (pH 6.8), 0.5 mM PMSF and 1 mM 2-mercaptoethanol. Then, 7.5 g of hydroxyapatite DNA grade Bio-Gel powder (Bio-Rad) was added and the lysate was rotated for 15 min at 4
• C. The hydroxyapatite-immobilized chromatin was collected by centrifugation at 2000 g for 5 min at 4
• C and washed six times with 40 ml of lysis buffer. Core histone octamers were eluted in a buffer containing 2.5 M NaCl, 50 mM sodium phosphate (pH 6.8), 0.5 mM PMSF and 1 mM 2-mercaptoethanol.
The 202 bp DNA fragment was obtained by PCR amplification of pTPT [9] with TPT-for (5 -ACGCGTCGGTGTTAGAGCC-3 ) and TPT-rev primers (5 -ACGCCAGGGTTTTCCCAGTCA-3 ). Fragments were 32 P-labelled as described previously [20] . Mononucleosomes were reconstituted by mixing 800 ng of core histone octamers with 500 ng of 32 P-labelled 202 bp DNA in 25 µl of a buffer containing 50 mM Tris/HCl (pH 7.5), 1 mM EDTA and 2 M NaCl, after which the mixture was dialysed in 2 h steps at 4
• C against 400 ml of a buffer containing 50 mM Tris/HCl (pH 7.5), 1 mM EDTA and 1.25, 1.0, 0.8 and 0.6 M NaCl using Slide-A-Lyser Mini Dialysis Units (3500 Da molecular mass cut-off; Pierce). The final dialysis step was carried out overnight against 400 ml of 50 mM Tris/HCl (pH 7.5).
REA assay was carried out in 20 µl volume containing 50 ng of RSC or 200 ng of ARIP4, 0.75 unit/µl PstI, 1 mM Hepes (pH 7.4), 50 mM Tris/HCl (pH 7.5), 50 mM NaCl, 3 % glycerol, 3 mM MgCl 2 , 0.25 mM dithiothreitol, 0.5 mM 2-mercaptoethanol, 10 µg/ml BSA (Sigma) and 1 mM ATP for 1 h at 30
• C. The reaction was stopped with 30 µl of a buffer containing 20 mM Tris/HCl (pH 7.8), 70 mM EDTA, 10 % glycerol, 2 % (w/v) SDS, 0.2 mg/ml Xylene Cyanol and 0.2 mg/ml Bromophenol Blue. Proteinase K was added to 1 mg/ml final concentration, and the samples were incubated for 1 h at 37
• C. DNA fragments were separated on a 6 % (w/v) native polyacrylamide gel in 1 × TBE (45 mM Tris/borate/1 mM EDTA).
Protein-DNA and protein-mononucleosome interactions in vitro
DNA fragments for EMSAs were 32 P-labelled as described previously [20] . The binding reaction mixture (20 µl) contained either 30 ng of wild-type ARIP4 protein (or deletion mutant as indicated in the Figure legends) for DNA binding or 500 ng of wild-type ARIP4 for mononucleosome binding experiment, in a buffer containing 17 mM Tris/HCl (pH 7.8), 12 mM Hepes (pH 7.7), 6 mM MgCl 2 , 15 mM NaCl, 55 mM KCl, 0.3 mM EDTA, 5.5 % glycerol, 1.25 mM dithiothreitol, 0.05 % Nonidet P40, 0.05 % Triton X-100, 0.25 mM PMSF, 0.3-2 mM ATP and 0-100 ng of unlabelled poly(dI-dC) · (dI-dC), as indicated in the Figure legends. After a preincubation on ice for 10 min, 0.5 ng of labelled oligonucleotides or mononucleosomes was added, and the incubation was continued at 37
• C for 20 min. Protein-DNA or protein-mononucleosome complexes were resolved on a 4 % polyacrylamide gel containing 0.1 % Nonidet P40 in 0.25 × TBE. Gels were dried and exposed to Fuji X-ray films overnight at − 70
• C.
Yeast two-hybrid screening
A Gal4 fusion to full-length wild-type ARIP4 was used to screen a human HeLa cDNA library in pGAD-GH (Clontech) according to the manufacturer's instructions. Positive clones were analysed by digestion and sequenced. Resulting sequences were used in BLASTN search (http://www.ncbi.nlm.nih.gov/ BLAST/Blast.cgi) in the human sequences database. Most of the 36 positive clones contained fragments of Ubc9 or SUMO-1 cDNA.
RESULTS
Enzymatic characteristics of ARIP4 ATPase
We have shown previously that ARIP4 binds ATP and has intrinsic ATPase activity [1] . We produced FLAG-tagged wild-type ARIP4 and its ATPase-mutated form ARIP4-K310A using a baculovirus expression system in insect cells. The proteins were purified by immunoaffinity chromatography with anti-FLAG affinity resin to > 90 % homogeneity. By titrating the concentration of one reaction component and monitoring ADP release rate in a fluorimetric ATPase assay, we estimated the kinetic parameters of ATP hydrolysis catalysed by ARIP4. First, we fixed ATP concentration at 250 µM and the amount of ARIP4 at 500 ng, and titrated the concentrations of dsDNA (double-stranded DNA) or ssDNA (Figures 1a and 1b) . In both cases, ATPase activity was clearly enhanced. From the results presented in Figure 1(a) , we have estimated the K m (app) for dsDNA (at 250 µM ATP) to be 40 + − 10 nM. ARIP4-K310A (800 ng) exhibited only control level ATPase activity that could not be enhanced by the addition of either dsDNA or ssDNA (Figures 1a and 1b) . Subsequently, we titrated the ATP concentrations while keeping ARIP4 (500 ng) and dsDNA (15 nM) concentrations constant ( Figure 1c) and estimated the K m (app) for ATP (at 15 nM dsDNA) to be 25 + − 10 µM. Finally, we fixed ATP at 250 µM and salmon sperm DNA at 600 µg/ml and titrated the ARIP4 amount (Figure 1d) . The estimated activity of wild-type ARIP4 is 600 + − 100 nmol of ADP released · min −1 · (mg of ARIP4) −1 . Assuming that ARIP4 has a molecular mass of approx. 200 kDa, this corresponds to approx. 120 molecules of ATP hydrolysed by a protein molecule per min. This value is approximately ten times lower than that of ATPdependent chromatin remodelling enzymes, hydrolysing approx. 1000 ATP molecules per min [7] .
N-terminal fragment of ARIP4 mediates interactions with AR
The ATPase domain of ARIP4 is located in the central region of the protein, whereas the N-and C-terminal regions of ARIP4 have no similarity to any known conserved protein domains. To define the region important for ARIP4 interaction with AR, we constructed several ARIP4 deletion mutants. The interaction of ARIP4 with AR was not dependent on the ATPase activity of the protein, as the ARIP4-K310A mutant recognized AR in coimmunoprecipitation experiments as well as wild-type ARIP4 Figure 2 The N-terminal fragment of ARIP4 mediates interaction with AR and this interaction does not depend on DNA binding (a) The N-terminal (1-620) fragment of ARIP4 is sufficient to bind AR. COS-1 cells were transiently transfected with 100 ng of pSG5hAR and 300 ng of pFLAG-CMV2 (indicated as 'mock') or pFLAG-ARIP4wt, pFLAG-ARIP4(1-276), pFLAG-ARIP4(1-620), pFLAG-ARIP4(1-889) and pFLAG-ARIP4(1-1314), as indicated. Testosterone (T) was added to the culture medium as indicated for 2 h before harvesting the cells. Co-immunoprecipitation and immunoblotting were performed as described in the Materials and methods section. (b) Indicated ARIP4 deletion mutants were purified by affinity chromatography from transiently transfected COS-1 cells as described in the Materials and methods section. The proteins were incubated with a 32 P-labelled 32 bp DNA fragment and protein-DNA complexes were resolved by EMSA. Asterisks indicate ARIP4-specific shifted bands. IP, immunoprecipitation.
(results not shown). When co-expressed with AR in COS-1 cells, an N-terminal fragment of ARIP4 (residues 1-620) co-immunoprecipitated with the receptor. Under the same conditions, a shorter N-terminal fragment (1-276) failed to co-immunoprecipitate with AR (Figure 2a) , despite the fact that it is a part of this ARIP4 fragment (amino acid residues 91-230) that was initially recognized as a LexA fusion protein by the zinc finger region of AR in our yeast two-hybrid screen [1] . Since ARIP4(1-620) interacted with AR, but did not bind DNA (Figures 2a and  2b) , we conclude that ARIP4 interaction with AR does not depend on ability of ARIP4 to bind DNA.
Wild-type ARIP4 and ARIP4(1-1314) were able to bind 32 bp DNA fragment in EMSA experiments, whereas ARIP4(1-889) and shorter N-terminal ARIP4 fragments failed to bind DNA (Figure 2b) . These results suggest that DNA binding domain is localized within ARIP4(889-1314). However, several N-terminal deletion mutants of ARIP4, including ARIP4(278-1314), ARIP4-(428-1260), ARIP4(889-1260) and ARIP4(890-1316), failed to bind DNA in EMSA experiments (results not shown). Deletion of residues 1-277 resulted in substantially lower protein expression in transfected COS-1 cells, implying that these residues of ARIP4 are important for protein stability. Indeed, ARIP4(1-278/890- We have found no nucleotide sequence preference for DNA binding of ARIP4, as ARIP4 interacted with all DNA oligonucleotides tested by the EMSA technique. The binding of ARIP4 to DNA was efficiently competed for by unlabelled poly(dI-dC) · (dI-dC) (results not shown; see also Figure 3b ).
ARIP4 binds, but does not remodel, reconstituted mononucleosomes
To test whether ARIP4 exhibits mononucleosome remodelling activity, we used histone octamers purified from chicken erythrocytes to reconstitute mononucleosomes on 32 P-labelled 202 bp DNA fragments. These DNA fragments bear nucleosome positioning sequence and the PstI restriction site [9] (Figure 3a) . As expected, wild-type ARIP4 bound to the reconstituted mononucleosomes, as judged by EMSA experiments. Once again, this binding failed to exhibit sequence specificity, as unlabelled poly-(dI-dC) · (dI-dC) competed efficiently with mononucleosomes for ARIP4 complex formation (Figure 3b ). To check whether mononucleosomes were remodelled during the interaction with ARIP4, we used the REA assay [9] . The restriction enzyme PstI cannot gain access to its recognition sequence in intact mononucleosomes. Should ARIP4 have remodelling activity and loosen histone-DNA contacts, PstI could then gain access to (a) Cells were transfected with 0.7 µg of empty pFLAG-CMV2 or pFLAG-ARIP4wt (or indicated mutants) and 1.5 µg of empty pSG5 vector or pSG5-His-SUMO-1. Cells were lysed 48 h post-transfection and immunoprecipitation was carried out as described in [36] . Asterisks indicate bands corresponding to sumoylated forms of ARIP4. (b) ATPase activity of sumoylation mutants. Wild-type (wt) ARIP4 or indicated mutants were produced in COS-1 cells. ATPase activity in the presence of dsDNA was assayed as described in the Materials and methods section. ATPase reaction was stopped after 15 and 30 min incubation at 30 • C. Autoradiograms were scanned and quantified using Kodak Image station 440CF (Kodak).
its cognate recognition sequence and digest DNA at this site. We incubated ARIP4 with mononucleosomes in the presence of ATP and PstI. Under our experimental conditions, PstI could not digest either intact mononucleosomes or those preincubated with ARIP4. The yeast chromatin remodelling complex RSC exhibited robust activity in the REA assay, when tested under identical conditions as a positive control (Figure 3c ). Dissimilar catalytic ATPase activities of RSC and ARIP4 preparations cannot explain their differential behaviour in the REA assay, because ARIP4 had in fact higher ATPase activity than RSC (Figure 3d ). It is of note that other previously identified ATPase-dependent chromatin remodellers (human BRG-1 and SNF2h) have been shown to possess clearly detectable activity in REA assay [9] . Therefore we conclude that ARIP4 can bind to mononucleosomes, but does not remodel them.
ARIP4 is sumoylated
In an attempt to find ARIP4 interaction partners, we performed yeast two-hybrid assay using full-length wild-type ARIP4 as the bait. This screen led to the identification of only two biologically meaningful interacting partners for ARIP4, namely SUMO-1 and Ubc9 (results not shown). SUMO-1 is covalently attached to lysine residue(s) of target protein in a process catalysed by the E1 activating enzyme Aos1/Uba2, E2 conjugating enzyme Ubc9 and different E3 ligating enzymes [27, 28] . ARIP4 contains one consensus sequence for SUMO-1 attachment at Lys 664 (VK 664 GE), and ARIP4 was indeed sumoylated in vivo (Figure 4a ). Lysineto-arginine mutation at Lys 664 (Figure 4a) . None of these mutations alone could prevent ARIP4 from being sumoylated. However, combining mutations of six lysine residues (6K → 6R) resulted in a substantial decrease in ARIP4 sumoylation (Figure 4a ). All sumoylation mutants of ARIP4 except ARIP4(6K → 6R) had comparable ATPase activities that were not markedly different from wild-type ARIP4 activity (Figure 4b) , and the activities of these mutants in AR-dependent reporter gene transactivation assays were similar (Figure 5a ). The sumoylation-deficient ARIP4(6K → 6R) mutant had, however, lost its ATPase activity (Figure 4b) , AR co-activator activity (Figure 5a ) and DNA binding (Figure 5b) .
DISCUSSION
Initial biochemical studies confirmed that ARIP4 is an active DNA-dependent ATPase. The rate of ATP hydrolysis was clearly enhanced in the presence of either dsDNA or ssDNA. Lysine-toalanine mutation (K310A) in the potential ATP-binding site of the ARIP4 ATPase domain decreased the rate of ATP hydrolysis to almost baseline level and abolished DNA-dependent stimulation of the ATPase activity. Similar to several other members of the SNF2 protein superfamily, ARIP4 is able to generate superhelical torsion within linear DNA fragments in vitro [1] . We report here the kinetic parameters of ARIP4-catalysed ATP hydrolysis. Estimated K m (app) for ATP and K m for dsDNA were similar to those of BRG-1 and SNF2h proteins [8] ; however, the catalytic activity of ARIP4 was approximately ten times lower than that of the other two proteins [7] .
Regions other than the ATPase domain are important for the activity of proteins in the SNF2 family, in that the SANT (SWI3, ADA2, N-CoR and TFIIIB) domain is essential for substrate recognition by different chromatin remodelling enzymes [29, 30] and bromodomains are important for gene activation by RSC [31] . Sequence similarity of ARIP4 to proteins of the SNF2 family is confined to the ATPase domain (residues 300-880) [1] . BLASTP search (http://www.ncbi.nlm.nih.gov/BLAST/Blast.cgi) did not detect any putative conserved domains in ARIP4 regions 1-300 and 880-1466 and found no significant similarity to any other protein sequence in the database.
To understand the function of these regions, we constructed several deletion mutants of ARIP4, and tested their ability to bind AR and DNA. In mammalian cells, the first 620 N-terminal residues of ARIP4 were sufficient to interact with AR, whereas shorter N-terminal fragment did not co-immunoprecipitate with AR. The interaction of ARIP4 with AR did not depend on DNA binding. The N-terminal fragment (1-620) coimmunoprecipitated with AR, but failed to bind DNA. The initial yeast two-hybrid screening placed the AR-interaction domain within residues 91-230 of ARIP4 [1] . The current results indicate, however, that the residues 231-620 of ARIP4 are important for proper folding of the AR-interaction domain in mammalian cells. Our results also suggest that ARIP4 DNAbinding domain localizes within residues 889-1314 of ARIP4. We could not, however, directly demonstrate DNA binding of ARIP4(890-1316) or any other ARIP4 N-terminal deletion mutant. Compared with wild-type ARIP4, N-terminal deletion mutants were expressed to substantially lower levels in transfected mammalian cells. Therefore we constructed mutants having Nterminal region of ARIP4 (residues 1-278) fused to putative DNA binding region (residues 890-1206 or 890-1309). These mutants were expressed to levels similar to that of wild-type ARIP4 in transfected mammalian cells, but were nevertheless unable to bind DNA in EMSA experiments. These results suggest that the presence of the ATPase domain (residues 300-880) within ARIP4 is important for correct folding of the DNA-binding domain.
The difference between ARIP4 and classical chromatin remodellers was revealed by the REA assay. This assay is a proven method to probe nucleosome stability and dynamics [32] . By using REA, it has been shown that chromatin remodelling proteins are capable of remodelling reconstituted nucleosomal arrays and mononucleosomes [6, 8, 9] . Similar to Fan et al. [9] , we performed an REA assay with reconstituted mononucleosomes serving as a substrate. Our results revealed that ARIP4 was inactive in the REA assay; however, we cannot formally exclude the possibility that some specific histone modifications are required for the ability of ARIP4 to remodel mononucleosomes.
It is possible that ARIP4 needs the help of auxiliary proteins to remodel chromatin in vivo. ATPases of the SNF2-like family are frequently found to be members of large protein complexes [3, [33] [34] [35] . However, under our experimental conditions, ARIP4 did not form stable high-molecular-mass protein assemblies. Gel filtration and immunoprecipitation studies failed to show the presence of high-molecular-mass complexes in F9 cellular extracts. Despite many different conditions tested, we have failed to find ARIP4 interaction partners in HeLa nuclear extracts. Yeast two-hybrid screening using HeLa cDNA library with full-length wild-type ARIP4 as bait revealed interactions with SUMO-1 and Ubc9 (results not shown). No other physiologically reasonable proteins were found in the two-hybrid screen. Thus ARIP4 seems to interact with its protein partners only weakly and/or transiently in such a manner that, at any given time, only a small fraction of ARIP4 pool is involved in the protein-protein interactions.
Ubc9 is the E2 conjugating enzyme in the protein sumoylation pathway. This protein modification is important for transcription regulation, intracellular protein localization, DNA repair and protein-protein interactions [23, 27, 28, [36] [37] [38] . We confirmed in the present study that ARIP4 is indeed sumoylated. Mutation of consensus-like lysine residues within ARIP4 altered, but did not totally abolish, ARIP4 sumoylation pattern. It is known that mutation of consensus sumoylation site can promote SUMO attachment to other lysine residues in the protein [39] . Indeed, combined mutation of six lysine residues within ARIP4 greatly decreased the extent of ARIP4 sumoylation. Surprisingly, the sumoylation-deficient ARIP4 mutant had lost its ATPase activity and ability to co-activate AR-dependent transactivation. We assume that this effect is due to impaired DNA binding of ARIP4(6K → 6R), which, in turn, may result from inappropriate folding of the protein as a consequence of lysine mutations.
Chromatin remodelling is not the only function of the proteins in the SNF2-like family. The two ARIP4 homologues of ARIP4, ATRX and Rad54, are not active chromatin remodellers. Even though Rad54 protein has a low chromatin remodelling activity, its main function is believed to be to catalyse D-loop formation during recombination [40, 41] and promote homologous DNA pairing [42] . ATRX is active in a triplex-displacement assay, but not so efficient in remodelling nucleosomes [12] . Proteins of the SNF2 family have a role in regulation of cellular growth and proliferation [33] , and DNA repair [43] . Recently, a proapoptotic protein Daxx has been shown to interact with ATRX [12, 13] and AR [44] .
In view of our current results, we have to conclude that ARIP4 is most likely not involved in chromatin remodelling. Considering the high sequence similarity of ARIP4 to ATRX and Rad54 proteins, unspecific DNA and mononucleosome binding, and low mononucleosome remodelling activity, we hypothesize that the physiological function of ARIP4 is involved in homologous recombination, DNA repair, and/or mediation of apoptosis. We cannot exclude the possibility that ARIP4 possesses a direct role in transcriptional regulation. However, ARIP4 appears to stimulate AR-dependent transactivation only from minimal promoters [1] and, unlike most other DNA-binding transcription factors, it has no sequence specificity in DNA binding. Recently, ARIP4 was reported to interact with Dyrk1A, a serine/threonine kinase involved in neuronal development and in adult brain physiology [45] . Given that ARIP4 orthologue is ubiquitously expressed in Xenopus laevis embryos [2] , it is tempting to assign a role for ARIP4 in embryonal and neural development.
